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Abstract
A loop-mediated isothermal amplification (LAMP) assay was developed and compared to polymerase chain reaction (PCR),
nested PCR, and selective isolation assays for detection of Xanthomonas albilineans, the causal agent of sugarcane leaf scald.
The pathogen was isolated on selective medium from 44 out of 45 (98%) samples taken from symptomatic stalks, and from 44
out of 70 (63%) samples from asymptomatic stalks that were collected from plots with symptomatic stalks. Forty-two (93%), 41
(91%), and 42 (93%) symptomatic samples tested positive by LAMP, PCR and nested PCR, respectively. The pathogen was
detected in 19 (27%), 8 (11%), and 25 (36%) of the 70 asymptomatic samples by LAMP, PCR and nested PCR, respectively.
Symptomatic stalks were mainly, but not always, associated with high populations of the pathogen (107–109 CFU/ml), and
asymptomatic stalks with low populations (<103 CFU/ml) or no bacteria. Although our LAMP and nested PCRmethods detected
10 CFU/ml of X. albilineans in suspensions prepared with pure culture, they sometimes failed to detect the pathogen in samples
with low pathogen populations. Isolation on selective medium along with another method should therefore be used for detection
of the pathogen in asymptomatic stalks, especially in quarantine programs.
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Introduction
Xanthomonas albilineans is a xylem-invading bacterial path-
ogen that causes leaf scald, one of the major diseases of sug-
arcane (Rott and Davis 2000). This pathogen is mainly spread
by infected stalk cuttings and transmitted by harvesting tools
(Ricaud and Ryan 1989; Rott and Davis 2000). However,
aerial transmission of X. albilineans has also been reported
in a few geographical locations, including Florida
(Comstock 2001; Daugrois et al. 2012). Planting resistant
sugarcane varieties or disease-free material is the most effi-
cient control method. Disinfection of harvesting tools is also
recommended at harvest and preparation of cuttings, especial-
ly in nurseries. Plants from fields highly infected with
X. albilineans need to be eliminated and replaced since leaf
scald incidence will most likely increase (Ricaud and Ryan
1989; Rott and Davis 2000).
X. albilineans colonizes the vascular system of sugarcane
leaves and stalks, but it is also able to infect parenchyma cells
of the sugarcane plant, a unique feature among cultivable bac-
terial pathogens (Mensi et al. 2014). Plants infected with
X. albilineans can display various symptoms during disease
progress. Characteristic “white pencil lines” surrounding in-
vaded vascular bundles (hence the epithet albilineans) can be
seen along the leaf blade. Once the pathogen is well
established within the stalk, leaves with extensive white chlo-
rosis can emerge, although the pathogen is often absent in
these chlorotic leaves (Martin et al. 1932; Orian 1942; Birch
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2001). These chlorotic symptoms are due to the toxin albicidin
produced by the pathogen. Albicidin inhibits differentiation of
chloroplasts and is also a potent DNA gyrase inhibitor whose
chemical structure was only recently determined (Cociancich
et al. 2015).
Other symptoms include necrosis spreading from the leaf
margins along the invaded bundles (scalding), red vascular
streaks and cavity formation in stalks, growth of side shoots
from nodal buds along the stalk, stunting, wilting and rapid
death in highly susceptible varieties with the acute form of the
disease. Consequently, entire sugarcane fields can be lost be-
cause of leaf scald (Ricaud and Ryan 1989; Rott and Davis
2000). However, disease symptoms are often not visually no-
ticeable because of latent infection. Sugarcane stalks can be
infected by X. albilineans for several weeks or months without
exhibiting symptoms (Rott and Davis 2000). Thus, bacteria can
multiply and spread in plantawithout being detected, especially
in the beginning of the plant cycle (Comstock and Irey 1992).
Use of efficient pathogen detection tools is therefore needed to
diagnose the disease as early as possible in symptomless plants,
especially in seed-cane nurseries and in breeding or quarantine
programs.
Several methods have been developed to detect
X. albilineans in infected stalks, such as those based on isola-
tion on Wilbrink’s medium (Ricaud and Ryan 1989) or a semi-
selective medium (Davis et al. 1994), the use of monoclonal or
polyclonal antibodies (Alvarez et al. 1996; Comstock and Irey
1992; Rott et al. 1994), the polymerase chain reaction (PCR)
(Jaufeerally-Fakim et al. 2002; Pan et al. 1999; Wang et al.
1999), and quantitative PCR (qPCR) (Garces et al. 2014).
However, all these methods are time consuming and/or require
specialized equipment and materials. Therefore, there is a need
for alternative, easy, rapid, reliable, and efficient detection
methods that require only a few reagents and basic laboratory
equipment. Loop-mediated isothermal amplification (LAMP),
which was developed for detecting several bacterial, fungal and
viral pathogens, fulfills these conditions (Mori et al. 2001;
Nagamine et al. 2002; Notomi et al. 2000). LAMP is an auto-
cycling strand displacement DNA synthesis technique that in-
volves the use of the large fragment of Bst DNA polymerase
and a set of four to six primers (Nagamine et al. 2002). This
technique enables the synthesis of larger amounts of both DNA
and byproducts that can, for example, be visualized using a
metal ion indicator such as hydroxyl naphthol blue (HNB)
(Fischbach et al. 2015; Goto et al. 2009).
LAMP methods have recently been developed for several
sugarcane pathogens such as Colletotrichum falcatum, the red
rot pathogen (Chandra et al. 2015), Sugarcane mosaic virus
and Sorghum mosaic virus, wich cause mosaic (Keizerweerd
et al. 2015), Sugarcane yellow leaf virus, the causal agent of
yellow leaf (Amata et al. 2016), and Leifsonia xyli subsp. xyli
causing ratoon stunting (Ghai et al. 2014; Liu et al. 2013). In
this study, we developed a colorimetric LAMP assay for
detection of X. albilineans, and compared its efficacy with
PCR, nested PCR and selective isolation using symptomatic
and asymptomatic sugarcane stalks.
Material and methods
Plant material and sample preparation
Seventy-three 14- to 15-month-old stalks were sampled in
spring 2015 from 30 sugarcane varieties in selection stage II
(2013 series) of the breeding program at the USDA-ARS
Sugarcane Field Station in Canal Point FL (Supplementary
Table 1). Resistance of these varieties to X. albilineans was
unknown but several varieties showed symptoms of leaf scald.
Among the 73 sampled stalks, 27 exhibited disease symptoms
and 46 were symptomless. A 10-cm piece was taken from the
lower third of each stalk, and additional 10-cm pieces were
also taken from the upper and medium third of 21 stalks,
yielding a total 115 stalk samples. As a result, the sample
collection contained 45 samples from symptomatic stalks
and 70 samples from asymptomatic stalks but collected from
plots with symptomatic stalks (Supplementary Table 1). Fifty-
four of the 70 samples from symptomless stalks originated
from sugarcane varieties that had stalks exhibiting leaf scald
symptoms in the same stool or in different stools. The remain-
ing 16 samples were obtained from varieties that did not show
any leaf scald symptom in the selection field.
The outer surface of the stalk pieces was cleaned with eth-
anol and air-dried on absorbent paper in the laboratory. A
transversal stalk tissue section (approximately 6 g of tissue)
was aseptically removed from each piece and cut into small
fragments in a Petri dish containing 1 to 2ml of sterile distilled
water. The tissue homogenates were maintained at room tem-
perature without agitation for 2 h, and then transferred to
1.5 mL Eppendorf tubes and vortexed. A subsample of each
homogenate was used to determine the number of CFU/ml of
X. albilineans as described below and the remaining homog-
enate was stored at −20 °C until further processing (DNA
extraction and detection of the pathogen by LAMP, PCR
and nested PCR).
Isolation of Xanthomonas albilineans on selective
medium and determination of pathogen population
densities
Ten-fold serial dilutions of each homogenate were plated in
triplicate on Wilbrink’s medium (10 g sucrose, 5 g bacto-
peptone, 0.5 g K2HPO4 3H2O, 0.25 g MgSO4, 1 l deionized
water, 15 g agar, pH 6.8–7.0) amended with cephalexin
(25 mg/l), novobiocin (30 mg/l), and cycloheximide (50 mg/
l) (Davis et al. 1994). Bacterial colonies were counted after 4–
5 days of incubation at 28 °C.
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DNA extraction from sugarcane stalk samples
Two DNA extraction protocols were used. The first one was a
modification of the protocol described by Davis et al. (1998). It
was used for the LAMP assay as it proved to be more efficient
in preliminary experiments than the one described for PCR
bellow. One ml of each stalk homogenate was transferred to a
1.5-ml tube and centrifuged for 5 min at 500 x g (Eppendorf
centrifuge model 5430). A 0.9-ml aliquot of the supernatant
was then centrifuged for 10 min at 16,050 x g. The supernatant
was discarded, and the pellet was suspended in 10 μl of
tris-acetate-EDTA (TAE) buffer amended with 0.4% nonfat
dry milk (Publix). Samples were incubated in a boiling water
bath for 10 min and then in an ice/alcohol bath for 3 min. This
last step was repeated once after vortexing the samples.
The second DNA extraction protocol was a modification of
the one described by Garces et al. (2014) and was used for the
PCR assays. It proved to be more efficient for PCR in prelim-
inary experiments than the one described for LAMP above.
One ml of each stalk homogenate was transferred to a 1.5-ml
tube and centrifuged at 500 x g for 5 min. A 0.9-ml aliquot of
the supernatant was then centrifuged at 16,050 x g for 5 min.
The supernatant was discarded, and the pellet was suspended
in 10 μl of lysis solution (50 mM KCl, 10 mM Tris-HCl, 1%
Tween 20, pH 8.3). After vortexing, samples were incubated
in a boiling water bath for 10 min and then in an ice/alcohol
bath for 3 min.
Loop-mediated isothermal amplification
The albXIV (XALc_1515) gene from the X. albilineans GPE
PC73 genome sequence (Pieretti et al. 2009) was chosen for
designing LAMP primers. This gene is highly conserved
among strains of X. albilineans (Pieretti et al., unpublished
data). It encodes a putative transmembrane efflux pump for
albicidin, a toxin that is known to be produced only by the
sugarcane leaf scald pathogen and the “Xanthomonas
pseudalbilineans” strain MUS060, isolated from the wild grass
Paspalum dilatatum (Orian 1962; Pieretti et al. 2015b). Primer
Explorer (Eiken Chemical Co, Ltd, http://primerexplorer.jp/e/)
was used to design a set of four primers: two outer primers (F3
and B3) and two inner primers (FIP and BIP) (Supplementary
Table 2). Primers were synthesized by Integrated DNA
Technologies (IDT).
LAMP assay was based on the procedure described by Goto
et al. (2009) that uses hydroxy naphthol blue (HNB) colorimet-
ric detection. Initial LAMP reaction mix contained 0.8 M beta-
ine as described in other protocols (Amata et al. 2016).
However, addition of this compound to the reaction mix in
the preliminary assays resulted in almost undiscriminating color
changes between positive and negative samples, and it was
therefore no longer added. The assay was carried out in a
25-μl reaction mixture containing 1 μl of DNA extracted from
stalk samples or pure culture suspensions of X. albilineans,
1.6 μM each FIP and BIP primers (Supplementary Table 2),
0.2 μM each F3 and B3 primers (Supplementary Table 2),
1.36 mM each dNTP, 8 U BstDNA polymerase large fragment
(New England Biolabs), 4 mM MgSO4, and 120 μM HNB in
2.5 μl of 10X ThermoPol Reaction Buffer (New England
BioLabs). Three different incubation periods (60, 75 and
90 min) and two reaction temperatures (60 °C and 63 °C) were
tested in preliminary assays, and the best results were obtained
incubating at 63 °C for 90 min using pure culture suspensions
of X. albilineans and a few plant samples (data not shown). All
reaction mixtures were therefore incubated at 63 °C for 90 min
and then heated at 85 °C for 5 min in a Biometra TPersonal 48
Thermal Cycler.
Polymerase chain reaction
The PCR protocol was performed as described by Garces et al.
(2014) using primers synthesized by IDT. The 25-μl PCR re-
action mix contained 2 μl DNA extract (stalk sample or pure
culture of X. albilineans), 12.5 μl GoTaq master mix (2X;
Promega BioSciences), 0.1 μl each primer (Primer set PCR
XaAlb2; 100 μM; Supplementary Table 2), 10.16 μl
nuclease-free H2O, and 0.14 μl of bovine serum albumin frac-
tion V (100 μg/μl). The conditions of amplification were as
follows: an initial step at 94 °C for 4 min; followed by 31 cycles
of DNA denaturation at 94 °C for 30 s, annealing at 55 °C for
30 s, and polymerization at 65 °C for 3 min; and a final exten-
sion at 65 °C for 3 min. The PCR products were resolved in a
1.0% agarose gel stained with SYBR Safe (ThermoFisher
Scientific), and viewed with a G:BOX imaging system
(Syngene).
Nested PCR
Nested PCR was performed as described above using a 2-μl
aliquot of the first PCR product and 0.1 μl of each primer of the
PCR XaAlb2 nested set (100 μM; Supplementary Table 2).
Sensitivity of detection of Xanthomonas albilineans
from pure cultures
Strain XaFL14–1 freshly isolated from diseased sugarcane
cultivar CP13–2128 was used to determine the detection limit
of the pathogen using all methods described above. Ten-fold
serial dilutions in sterile deionized water or in healthy stalk
homogenate were prepared from initial bacterial suspensions
at 107 CFU/ml. DNA was extracted from each dilution as
described above for homogenates obtained from stalk sam-
ples. Bacterial population densities were determined by plat-
ing in triplicate the 10-fold dilutions on Wilbrink’s medium.
The CFUs of X. albilineans were counted after 4 to 5 days of
incubation at 28 °C.
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Specificity of LAMP
Specificity of the LAMP bioassay was tested with extracted
DNA and with pure cultures of known and unknown bacterial
species. Nine strains of X. albilineans representing the genetic
diversity of this pathogen were used for DNA extraction
(Champoiseau et al. 2006): HVO005 from Burkina Faso,
MTQ032 from Martinique, USA048 from Florida, TWN052
fromTaiwan, LKA070 from Sri Lanka, FIJ080 from Fiji, GPE
PC86 from Guadeloupe, and REU174 and REU209 from
Reunion Island. Pure cultures of bacterial strains were grown
at 28 °C for 48 h inWilbrink’s liquid medium before isolation
of total genomic DNA using the Qiagen DNeasy Tissue ex-
traction kit (Qiagen), according to the manufacturer’s recom-
mendations. One and 2μl of 1/10 diluted total DNAwere used
in LAMP and PCR, respectively.
Ten undetermined isolates of saprophytic bacteria (Sapro 1
to 10) were obtained by stalk blot isolation (Davis et al. 1994)
using sugarcane varieties grown in quarantine facilities at Cirad
inMontpellier, France (Guinet-Brial et al. 2013). The following
strains of Xanthomonas belonging to Cirad’s culture collection
of plant pathogenic bacteria were also tested: X. albilineans
FJI106, TWN111, USA168, and VNM235 from Fiji, Taiwan,
USA, and Vietnam, respectively; X. sacchari LMG476 from
Guadeloupe (Pieretti et al. 2015a), “X. pseudalbilineans”
GPE39 and MUS060 from Guadeloupe and Mauritius, respec-
tively (Pieretti et al. 2015b); and Xanthomonas sp. NCPPB916
from Trinidad. All these strains were isolated from sugarcane
with the exception of MUS060 that was isolated from
Paspalum dilatatum.
Statistical analyses
Proportions of positive samples obtained for each detection
method and for symptomatic or asymptomatic sugarcane stalks
were used for data analysis with the statistical program R ver-
sion 3.4.3 (R core team 2016). Detection methods for asymp-
tomatic samples and detection methods for symptomatic sam-
ples were each compared by Cochran’s Q test for multiple
dependent samples (Cochran 1950).
Results
Detection limit of Xanthomonas albilineans
in deionized water or stalk homogenate suspensions
using LAMP and PCR
The LAMP assay detected up to 10 CFU/ml (one bacterial
cell in the reaction tube) in suspensions prepared with a pure
culture of X. albilineans strain XaFL14–1 and deionized
water (Table 1 and Fig. 1). The PCR assay detected up to
103 CFU/ml in deionized water suspensions, but a bacterial
concentration as low as 10 CFU/ml tested positive by nested
PCR (Table 1, Fig. 1 and Supplementary Fig. 1). When
bacterial suspensions were prepared with stalk homoge-
nates from disease-free sugarcane (as described above for
sample preparation) instead of deionized water, the detec-
tion threshold of LAMP and PCR was 100 times higher:
103 CFU/ml and 105 CFU/ml, respectively.
Detection of Xanthomonas albilineans in sugarcane
stalks with and without leaf scald symptoms
Four different assays were used to detect X. albilineans in
115 sugarcane stalk samples: isolation of bacteria on selec-
tive medium, LAMP, PCR, and nested PCR assays (Table 2
and Supplementary Table 1). The pathogen was isolated on
selective medium from 44 out of 45 (98%) samples taken
from plants exhibiting disease symptoms (Table 2). The
sample that failed to yield colonies of the pathogen on the
culture medium was taken from the upper part of a stalk that
was dead for several weeks. A few colonies of the pathogen
were, however, recovered from the medium and basal sec-
tions of that stalk. X. albilineans was detected in 42 (93%),
41 (91%), and 42 (93%) of the 45 samples that yielded
bacterial colonies using LAMP, PCR, and nested PCR as-
says, respectively. The four stalk samples that tested nega-
tive with the molecular assays were taken from stalks killed
by X. albilineans and contained very low populations of the
pathogen (see below).
X. albilineans was isolated on selective medium from 44
out of 70 (63%) samples that were obtained from symptom-
less stalks. Compared to isolation on selective medium,
X. albilineans was detected in significantly fewer asymptom-
atic stalks using molecular assays: only 19 (27%), 8 (11%),
and 25 (36%) asymptomatic samples tested positive using
LAMP, PCR, and nested PCR assays, respectively (Table 2).
X. albilineans was isolated from and was detected by
LAMP and PCR (or nested PCR) in the upper, medium, and
lower parts of 8 out of 9 tested symptomatic stalks
Table 1 Detection of Xanthomonas albilineans in 10-fold dilution
series from a suspension of 107 CFU/ml using different detection
techniques
Techniquea Suspension of Xanthomonas albilineans at (CFU/mL)
107 106 105 104 103 102 101 100
LAMP + + + + + + + –
PCR + + + + + – – –
Nested PCR nd nd nd + + + + –
+ = positive reaction, − = negative reaction, nd = not determined
aAll techniques were tested at least three times each with freshly prepared
suspensions from a pure culture of Xanthomonas albilineans
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(Supplementary Table 1). All three stalk parts tested negative
by LAMP and PCR in the symptomatic stalk that was dead for
several weeks and that yielded only a few colonies of
X. albilineans from the medium and basal parts of the stalk
(see above). In 12 asymptomatic stalks, the pathogen was
isolated from six lower, ten medium and five upper stalk parts.
A positive reaction was obtained by LAMP for four low-
er, two medium and two upper parts of these stalks,
whereas X. albilineans was detected by PCR (or nested
PCR) in four of each lower, medium and upper parts
(Supplementary Table 1).
Relationship between disease symptoms, pathogen
population size and detection limit
Pathogen population densities were higher than 106 CFU/ml
in 41 out of 45 (91%) samples taken from symptomatic stalks,
and the bacterial population in 31 of these samples was even
higher than 108 CFU/ml (Table 3). Regarding the remaining
four samples, three of them had low bacterial populations (less
than 103 CFU/ml) and the pathogen was not isolated from the
other. These four samples were all taken from dead plants
showing the characteristic scalding aspect of the leaves and
stalk side shoots with severe necrosis. All 41 samples from
which more than 106 CFU/ml were recovered tested positive
by LAMP and PCR (or nested PCR). One of the four samples
that supported populations of X. albilineans lower than
103 CFU/ml tested positive, and the other three samples tested
negative for both LAMP and nested PCR.
The pathogen was detected by isolation on selective medi-
um in 44 out of 70 (63%) samples that were taken from plants
showing no symptoms of leaf scald. Population size of
X. albilineans in these infected samples varied from 10 to
107 CFU/ml (Table 3). However, the populations of the path-
ogen were relatively low (102 to 104 CFU/ml) in 40 of these
70 samples, and only four samples had bacterial populations
higher than 104 CFU/ml. Thirteen (33%) and 19 (48%) of the
40 samples with bacterial populations varying between 102
and 104 CFU/ml tested positive by LAMP and PCR (or nested
PCR), respectively. The four samples with more than
104 CFU/ml all tested positive by LAMP and PCR (or nested
PCR). Two samples fromwhich the pathogen was not isolated
on selective medium showed a positive reaction by LAMP
only, suggesting occurrence of DNA from dead cells of
X. albilineans in these samples, bacteria unable to grow be-
cause of antibiotic sensitivity, or yet a non-specific reaction
with an undetermined microorganism. Another two samples
that yielded no colonies of the pathogen gave positive results
by nested PCR only (Supplementary Table 1). These two
samples were collected from the lower and upper parts of an
asymptomatic stalk. Theymost likely contained dead or viable
but non-culturable cells of X. albilineans because the medium
part of this stalk also reacted positively by PCR and yielded a
few colonies of the pathogen on the selective medium.
Specificity of Xanthomonas albilineans detection
by LAMP
Extracted DNA of the nine X. albilineans strains representing
the genetic diversity of the pathogen all tested positive by
LAMP. The LAMP reaction was also positive with cells of
four X. albilineans strains (FIJ106, TWN111, USA168, and
VNM235), “X. pseudalbilineans” MUS060, and X. sacchari
LMG4 7 6 . T h e r e a c t i o n w a s n e g a t i v e w i t h
“X. pseudalbilineans” strain GPE39 and Xanthomonas sp.
1 2 3 4 5 6 7 8
- +    +     +    +     +    +     -
500 bp
1 2 3 4 5 6 7 8
a
b
Fig. 1 Detection of Xanthomonas albilineans by LAMP (a) and nested
PCR (b) in water suspensions from a pure culture of the pathogen (10-
fold dilutions). a LAMP: Tube 1 = negative control (Tris-acetate-EDTA
buffer with 0.4% nonfat dry milk); tubes 2 to 8 = 106, 105, 104, 103, 102,
10, and 1 CFU/ml, respectively. Tubes with the sign “-“ showing a violet
color of the reaction mixture are negative (lanes 1 and 8) and tubes with a
sky blue color and the sign “+” are positive (lanes 2 to 7: 106–10 CFU/
ml). b Nested PCR: Lane 1 = 100 bp ladder; lanes 2 to 8 = 106, 105, 104,
103, 102, 10, and 1 CFU/ml, respectively. The size of the nested PCR
amplicon is 308 bp
Table 2 Detection of
Xanthomonas albilineans in 115
sugarcane stalk samples using
four different detection methods
Number of samples (percent of the total) positive for X. albilineansa
Sample Selective isolation LAMP PCR Nested PCRb
Symptomatic stalks (45 samples) 44 (98%) a 42 (93%) a 41 (91%) a 42 (93%) a
Asymptomatic stalks (70 samples) 44 (63%) a 19 (27%) b 8 (11%) c 25 (36%) b
aAll samples were tested at least twice. In each row, the number of positive samples followed by the same letter
are not significantly different according to Cochran’s Q test at P ≤ 0.05
b Samples that tested PCR positive were considered Nested PCR positive
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NCPPB916. Nine out of the 10 tested saprophytic bacteria
from sugarcane also tested negative.
Discussion
Proper diagnosis of plant diseases depends on accurate detec-
tion or identification of pathogens from plant samples (López
et al. 2009; Miller et al. 2009). Isolation on selective medium,
PCR and LAMP assays were herein all efficient for detecting
X. albilineans in sugarcane plants showing symptoms. With a
few exceptions (dead stalks), pathogen population densities in
sampled tissue were high enough (>106 CFU/ml) to be above
the detection limits of these techniques and to give positive
results. Detection threshold is a critical factor to be considered
when using a technique for detection of a pathogen. In our
study, the detection limit of X. albilineans by PCR in water
suspensions prepared from pure cultures (103 CFU/ml) was
similar to the one reported by Garces et al. (2014). LAMP and
nested PCR assays, however, detected bacterial populations
that were 100 times lower (10 CFU/ml or one bacterial cell
per reaction tube) and this detection limit was similar to the
one recently reported for the detection of X. albilineans by
real-time quantitative PCR (Garces et al. 2014).
Selective isolation on culture medium proved to be the most
sensitivemethod to detect the leaf scald pathogen in asymptom-
atic samples infected with low bacterial populations (10 to
103 CFU/ml). Although PCR or nested PCR and LAMP were
efficient in detecting these low populations in bacterial suspen-
sions prepared from pure cultures of the pathogen, these
methods failed to yield a positive result in less than half of the
sugarcane samples with population densities between 10 and
103 CFU/ml. Occurrence of amplification inhibitors in these
samples, or other technical issues such as pelleting bacteria in
a sucrose-containing environment, may explain this result.
Indeed, when testing LAMP with suspensions of a pure culture
of X. albilineans, the detection threshold of LAMP was 100
times higher for suspensions prepared in stalk homogenates
than for suspensions prepared in water. LAMP was found effi-
cient in detecting 10 CFU/reaction of pure culture of
Pseudomonas fuscovaginae (Ash et al. 2014), Erwinia
amylovora (Bühlmann et al. 2013), and Ralstonia
solanacearum (Lenarčič et al. 2014), but detection threshold
in plant samples was at least 100 times higher for these patho-
gens. The detection limit of 102 to 104 CFU/ml observed in our
samples from symptomless sugarcane plants is in agreement
with other studies that have used serological and molecular
assays for detection of X. albilineans (Davis et al. 1998;
Wang et al. 1999). Detection threshold of LAMP assays devel-
oped recently for other xanthomonads varied from 18 CFU per
sample (Rigano et al. 2010) to 104–105 CFU/ml (Lang et al.
2014). Real-time PCR and LAMP used for detection of
X. hortorum pv. carotae in carrot seeds had similar detection
limits (Temple et al. 2013).
The detection limit of bacterial pathogens using molecular
techniques depends not only on the nature of the sample (pure
culture, diseased plant tissue) or the DNA extraction proce-
dures, but also on optimization of the DNA amplification reac-
tion. Concentration of MgCl2 is critical in LAMP assays when
HNB is used as a visualization agent (Ghai et al. 2014; Liu et al.
Table 3 Detection of Xanthomonas albilineans using LAMP and PCR techniques in stalk samples carrying different population sizes of the pathogen
X. albilineans CFU/ml Samples from symptomatic stalks Samples from asymptomatic stalks
Number of samples (out of 45) Number of samples positive
for X. albilineansa
Number of samples (out of 70) Number of samples positive
for X. albilineansa
LAMP PCR or Nested PCR LAMP PCR or Nested PCR
0 1 0 0 26 2 2
1–10 0 – – 0 – –
10–102 2 0 0 14 5 5
102–103 1 1 1 22 5 10
103–104 0 – – 4 3 4
104–105 0 – – 1 1 1
105–106 0 – – 1 1 1
106–107 1 1 1 2 2 2
107–108 9 9 9 0 – –
108–109 31 31 31 0 – –
a All samples were tested at least twice. Xanthomonas albilineans was isolated from all LAMP and PCR positive samples with the exception of four of
them (for details see Supplementary Table 1)
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2013). In our study, reducing the initial amount of MgCl2 in the
reaction mix from 6 mM to 4 mM allowed us to improve the
detection of X. albilineans both in suspensions from pure cul-
tures made with water and in plant samples (data not shown).
Similarly, initial use of betaine as an enhancing agent in the
amplification reaction proved to have a negative effect and
was therefore removed from the reaction mixture.
Two samples from which X. albilineans was not isolated on
selective medium tested positive by LAMP in repeated assays.
These two samples were taken from symptomless plants in
Florida and, although the occurrence of non-cultivable or dead
cells of X. albilineans cannot be ruled out, these data can be
considered as false-positive results because the samples also
tested negative by nested PCR which is as sensitive as the
LAMP assay. A saprophytic bacterium isolated from sugarcane
grown in quarantine in France also yielded a positive reaction
by LAMP. This isolate was identified as a bacterium belonging
to the genus Pantoea after PCR amplification and sequencing
of the rRNA 16S–23S intergenic region (data not shown).
Two strains from Xanthomonas species closely related to
X. albilineans also yielded a positive reaction by LAMP.
Strain MUS060 of “X. pseudalbilineans” (Orian 1962; Pieretti
et al. 2015b) reacted positively because the target gene of
LAMP primers (albXIV) is also present in that species and is
100% identical to that of X. albilineans. This gene, however, is
not present in X. sacchari LMG476 (Pieretti et al. 2015a) and
only partial alignments of LAMP primers were found with
genomic regions of this bacterial species. Real time PCR assays
with the LAMP Xa primers revealed that amplification with
strain LMG476 occurs after 80 min (data not shown).
Reducing the time of LAMP reaction from 90 to 70 min may
therefore eliminate at least some false-positive reactions but
may also reduce sensitivity of the LAMP method. False-
positive results were reported in LAMP assays for other plant
pathogens such as X. oryzae pv. oryzae (Lang et al. 2014) and
Erwinia amylovora (Bühlmann et al. 2013). Therefore, critical
samples should always be analyzed using at least two different
techniques.
X. albilineans is known to cause latent infections in sug-
arcane, in which stalks can carry the pathogen for several
weeks or months without showing symptoms (Rott and
Davis 2000). Asymptomatic sugarcane plants can be infected
with high populations of the pathogen, especially in the lower
part of the stalk (Rott et al. 1997), but also with very low
populations as shown in this study. These low populations
were found in different stalk locations (Supplementary
Table 1). Hence, analysing more than one sample per stalk
should be considered when detecting X. albilineans in asymp-
tomatic plants for quarantine purposes. In the plants sampled
in this study, leaf scald symptoms were associated most of the
time with high populations of the pathogen (> 90% of the
samples). The few samples with low or undetectable popula-
tions were associated with stalks killed by X. albilineans, thus
suggesting that the pathogen cannot survive in dead tissue for
a long period of time.
Isolation of X. albilineans on selective medium is a time-
consuming process as it takes 4–5 days to obtain single colo-
nies of the bacterium that can be used for further investigation.
Molecular methods, including serological assays, have there-
fore been developed for rapid detection of the leaf scald path-
ogen. The LAMP assay developed herein will be an additional
tool for X. albilineans detection and leaf scald diagnosis. An
important advantage of LAMP over other molecular detection
techniques, such as PCR and qPCR, is that sophisticated and
expensive equipment is not required to perform the reaction
(Saharan et al. 2014). Although molecular methods can be
highly specific for detection of a microorganism, false positive
reactions may occur in a few cases as it was shown for LAMP
in our study. Similarly, false negative reactions may occur
with isolation methods as saprophytic bacteria can sometimes
prevent growth of slower growing bacteria such as
X. albilineans. However, isolation on selective medium re-
mains the most efficient and reliable method for
X. albilineans detection. Therefore, isolation on selective me-
dium along with another technique should be used for detec-
tion of the causal agent of sugarcane leaf scald in asymptom-
atic samples, especially in quarantine programs.
Acknowledgements Vanessa Duarte Dias was supported by a fellowship
from the Brazil Scientific Mobility Program sponsored by CAPES
(Coordenação de Aperfeiçoamento de Pessoal de Nível Superior) and
CNPq (Conselho Nacional de Desenvolvimento Científico e
Tecnológico). We thank Dr. Alexandre S. G. Coelho for his help in the
statistical analysis of data. This work would not have been possible with-
out the financial support of the Florida Sugar Cane League. This work is
supported by the USDA National Institute of Food and Agriculture (pro-
ject Hatch/Rott FLA-BGL-005404).
References
Alvarez AM, Schenck S, Benedict AA (1996) Differentiation of
Xanthomonas albilineans strains with monoclonal antibody reaction
patterns and DNA fingerprints. Plant Pathology 45:358–366
Amata RL, Fernandez E, Filloux D, Martin D, Rott P, Roumagnac P
(2016) Prevalence of Sugarcane yellow leaf virus in sugarcane pro-
ducing regions in Kenya revealed by reverse transcription loop-
mediated isothermal amplification method. Plant Disease 100:260–
268
Ash GJ, Lang JM, Triplett LR, Stodart BJ, Verdier V, Vera Cruz C, Rott P,
Leach JE (2014) Development of a genomics-based LAMP (loop-
mediated isothermal amplification) assay for detection of
Pseudomonas fuscovaginae from rice. Plant Disease 98:909–915
Birch RG (2001) Xanthomonas albilineans and the antipathogenesis ap-
proach to disease control. Molecular Plant Pathology 2:1–11
Bühlmann A, Pothier JF, Rezzonico F, Smits THM, Andreou M,
Boonham N, Duffy B, Frey JE (2013) Erwinia amylovora loop-
mediated isothermal amplification (LAMP) assay for rapid pathogen
detection and on-site diagnosis of fire blight. Journal of
Microbiological Methods 92:332–339
Trop. plant pathol.
Champoiseau P, Daugrois J-H, Girard J-C, Royer M, Rott PC (2006)
Variation in albicidin biosynthesis genes and in pathogenicity of
Xanthomonas albilineans, the sugarcane leaf scald pathogen.
Phytopathology 96:33–45
Chandra A, Keizerweerd AT, Que Y, Grisham M (2015) Loop-mediated
isothermal amplification (LAMP) based detection ofColletotrichum
falcatum causing red rot in sugarcane. Molecular Biology Reports
42:1309–1316
CochranWG (1950) The comparison of percentages in matched samples.
Biometrika 37:256–266
Cociancich S, Pesic A, Uhlmann S, Petras D, Kretz J, Schubert V, Vieweg
L, Duplan S, Marguerettaz M, Noëll J, Pieretti I, Hügelland M,
Kemper S, Rott P, Royer M, Süssmuth RD (2015) The gyrase in-
hibitor albicidin consists of Para-aminobenzoic acids and
cyanoalanine. Nature Chemical Biology 11:195–197
Comstock JC (2001) Foliar symptoms of sugarcane leaf scald. Sugar
Journal 64:23–32
Comstock JC, Irey MS (1992) Detection of the sugarcane leaf scald
pathogen Xanthomonas albilineans, using tissue blot immunoassay,
ELISA, and isolation techniques. Plant Disease 76:1033–1035
Daugrois JH, Boisne-Noc R, Champoiseau P, Rott P (2012) The revisited
infection cycle of Xanthomonas albilineans, the causal agent of leaf
scald of sugarcane. Functional Plant Science and Biotechnology 6
(Special issue 2):91–97
DavisMJ, Rott P, Baudin P, Dean JL (1994) Evaluation of selective media
and immunoassays for detection of Xanthomonas albilineans, caus-
al agent of sugarcane leaf scald disease. Plant Disease 78:78–82
Davis MJ, Rott P, Astua-Monge G (1998). Nested, multiplex PCR for
detection of both Clavibacter xyli subsp. xyli and Xanthomonas
albilineans in sugarcane. In: Offered papers abstracts, Vol. 3, 7th
International congress of plant pathology, Edinburgh, Scotland, 9–
16 August 1998. Edinburgh, International Society of Plant
Pathology, abstract 3.3.4
Fischbach J, Xander NC, FrohmeM, Glökler JF (2015) Shining a light on
LAMP assays – a comparison of LAMP visualization methods in-
cluding the novel use of berberine. Biotechnology Techniques 58:
189–194
Garces FF, Gutierrez A, Hoy J (2014) Detection and quantification of
Xanthomonas albilineans by qPCR and potential characterization
of sugarcane resistance to leaf scald. Plant Disease 98:121–126
Ghai M, Singh V, Martin LA, McFarlane SA, van Antwerpen T,
Rutherford S (2014) A rapid and visual loop-mediated isothermal
amplification assay to detect Leifsonia xyli subsp. xyli targeting a
transposase gene. Letters in Applied Microbiology 59:648–657
Goto M, Honda E, Ogura A, Nomoto A, Hanaki K (2009) Colorimetric
detection of loop-mediated isothermal amplification reaction by
using hydroxy naphthol blue. Biotechnology Techniques 46:167–
172
Guinet-Brial I, Girard JC, Roumagnac P, Daugrois JH, Fernandez E, Rott
P (2013) Visacane: an innovative quarantine tool for the exchange of
pest and disease-free sugarcane germplasm. Proceedings
International Society of Sugar Cane Technologists 28:1150–1162
Jaufeerally-Fakim Y, Autrey JC, Toth I, Daniels M, Dookun A (2002)
Amplification polymorphism among Xanthomonas albilineans
strains, using a single oligonucleotide primer. European Journal of
Plant Pathology 108:121–130
Keizerweerd AT, Chandra A, Grisham MP (2015) Development of a
reverse transcription loop-mediated isothermal amplification (RT-
LAMP) assay for the detection of Sugarcane mosaic virus and
Sorghum mosaic virus in sugarcane. Journal of Virological
Methods 212:23–29
Lang JM, Langlois P, Nguyen MHR, Triplett LR, Purdie L, Holton TA,
Djikeng A, Vera Cruz CM, Verdier V, Leach JE (2014) Sensitive
detection ofXanthomonas oryzae pathovars oryzae and oryzicola by
loop-mediated isothermal amplif icat ion. Applied and
Environmental Microbiology 80:4519–4530
Lenarčič R, Morisset D, Pirc M, Llop P, Ravnikar M, Dreo T (2014)
Loop-mediated isothermal amplification of specific endoglucanase
gene sequence of the bacterial wilt pathogen Ralstonia
solanacearum. PLoS One 9:e96027
Liu J, Xu L, Guo J, Chen R, GrishamMP, Que Y (2013) Development of
loop-mediated isothermal amplification for detection of Leifsonia
xyli subsp. xyli in sugarcane. BioMed Research International 2013:
357692
López MM, Llop P, Olmos A, Marco-Noales E, Cambra M, Bertolini E
(2009) Are molecular tools solving the challenges posed by detec-
tion of plant pathogenic bacteria and viruses? Current Issues in
Molecular Biology 11:13–46
Martin JP, Carpenter CW, Weller DM (1932) Leaf scald disease of sug-
arcane in Hawaii. Hawaiian Planters Records 36:145–196
Mensi I, Vernerey MS, Gargani D, Nicole M, Rott P (2014) Breaking
dogmas: the plant vascular pathogen Xanthomonas albilineans is
able to invade non-vascular tissues despite its reduced genome.
Open Biology 4:130116
Miller SA, Beed FD, Lapaire Harmon C (2009) Plant disease diagnostic
capabilities and networks. Annual Review of Phytopathology 47:
15–38
Mori Y, Nagamine K, Tomita N, Notomi T (2001) Detection of loop-
mediated isothermal amplification reaction by turbidity derived
from magnesium pyrophosphate formation. Biochemical and
Biophysical Research Communications 289:150–154
Nagamine K, Hase T, Notomi T (2002) Accelerated reaction by loop-
mediated isothermal amplification using loop primers. Molecular
and Cellular Probes 16:223–229
Notomi T, Okayama H,Masubuchi H, Yonekawa T, Watanabe K, Amino
N, Hase T (2000) Loop-mediated isothermal amplification of DNA.
Nucleic Acids Research 28:e63
Orian G (1942) Artificial hosts of the sugarcane leaf scald organism.
Revue Agricole et Sucrière de Ile Maurice 21:285–304
Orian G (1962) A disease of Paspalum dilatatum in Mauritius caused by
a species of bacterium closely resembling Xanthomonas albilineans
(Ahby) Dowson. Revue Agricole et Sucrière de Ile Maurice 41:7–20
Pan Y-B, Grisham MP, Burner DM, Legendre BL, Wei Q (1999)
Development of polymerase chain reaction primers highly specific
for Xanthomonas albilineans, the causal bacterium of sugarcane leaf
scald disease. Plant Disease 83:218–222
Pieretti I, Royer M, Barbe V, Carrere S, Koebnik R, Cociancich S,
Couloux A, Darrasse A, Gouzy J, Jacques M-A, Lauber E,
Manceau C, Mangenot S, Poussier S, Segurens B, Verdier V, Arlat
M, Rott P (2009) The complete genome of Xanthomonas
albilineans provides new insights into the reductive genome evolu-
tion of the xylem-limited Xanthomonadaceae. BMC Genomics 10:
616
Pieretti I, Bolot S, Carrère S, Barbe V, Cociancich S, Rott P, Royer M
(2015a) Draft genome sequence of Xanthomonas sacchari strain
LMG 476. Genome Announcements 3:e00146-15
Pieretti I, Cociancich S, Bolot S, Carrère S, Morisset A, Rott P, Royer M
(2015b) Full genome sequence analysis of two isolates reveals a
novel Xanthomonas species close to the sugarcane pathogen
Xanthomonas albilineans. Genes 6:714–733
R Core Team (2016) R: a language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna, Austria.
URL https://www.R-project.org/
Ricaud C, Ryan CC (1989) Leaf scald. In: Ricaud C, Egan BT, Gillaspie
Jr. AG, Hughes CG (Eds.) Diseases of sugarcane. Major diseases.
Amsterdam, The Netherlands. Elsevier. pp. 39–53
Rigano LA, Marano MR, Castagnaro AP, Morais Do Amaral A, Vojnov
A (2010) Rapid and sensitive detection of citrus bacterial canker by
loop-mediated isothermal amplification combined with simple visu-
al evaluation methods. BMC Microbiology 10:176–184
Trop. plant pathol.
Rott P, Davis MJ (2000) Leaf scald. In: Rott P, Bailey RA, Comstock JC,
Croft BJ, Saumtally AS (eds) A guide to sugarcane diseases. La
Librairie du Cirad, Montpellier, pp 38–44
Rott P, Davis MJ, Baudin P (1994) Serological variability in
Xanthomonas albilineans, causal agent of leaf scald disease of sug-
arcane. Plant Pathology 43:344–349
Rott P, Mohamed IS, Klett P, Soupa D, de Saint-Albin A, Feldmann P,
Letourmy P (1997) Resistance to leaf scald disease is associated
with limited colonization of sugarcane and wild relatives by
Xanthomonas albilineans. Phytopathology 87:1202–1213
Saharan P, Dhingolia S, Khatri P, Duhan JS, Gahlawat SK (2014) Loop-
mediated isothermal amplification (LAMP) based detection of bac-
teria: a review. African Journal of Biotechnology 13:1920–1928
Temple TN, du Toit LJ, Derie ML, Johnson KB (2013) Quantitative
molecular detection of Xanthomonas hortorum pv. carotae in carrot
seed before and after hot-water treatment. Plant Disease 97:1585–
1592
Wang ZK, Comstock JC, Hatziloukas E, Schaad NW (1999) Comparison
of PCR, BIO-PCR, DIA, ELISA and isolation on semiselective
medium for detection of Xanthomonas albilineans, the causal agent
of leaf scald of sugarcane. Plant Pathology 48:245–252
Trop. plant pathol.
